Abstract-We present a simple analytical method to study birefringence and polarization mode dispersion (PMD) of elliptic-core fibers v> ith uniform or differential stress in the fiber cross section. The model takes account of both geometrical and stress birefringence, simultaneously. It is found that neglecting the geometrical birefringence, even under the weakly guiding approximation, can lead to significant errors in the calculation of PMD and the zero PMD wavelength. It is also found that one can obtain zero PMD in the single-mode region even by applying a suitable differential stress along the major axis. This is very attractive since then the geometrical and stress birefringences add up to give increased total birefringence.
INTRODUCTION H
IGHLY birefringent fibers that can maintain a stable state of polarization are of considerable interest in the field of optical fiber sensors and coherent detection systems. Birefringence can be induced in fibers by introducing geometrical anisotropy in the core [l] and/or by incorporating stress producing regions in the cladding [2] , [3] . The total birefringence in these fibers is composed of the geometrical (B,) and stress induced (B,) birefringences. In general, B, dominates over B, in weakly guiding fibers; however, B, cannot be neglected for fibers with large ellipticity.
When a linearly birefringent fiber is used for coherent transmission, only one of the two orthogonal modes is excited in the hope that no coupling occurs to the other mode. However, there can be power coupling between the two orthogonally polarized modes due to perturbations like bends, twists, imperfect joints, etc. This would result in an unstable state of polarization at the output, and can severely affect the bandwidth of a coherent optical communication system, if the group delay difference between the two modes is significant. Therefore it is important to have high birefringence and low PMD fibers for these applications. It has been shown that zero PMD with high birefringence fibers can be achieved in the single mode region by a suitable combination of geometrical and stress induced anisotropy in the fiber cross section [4] , 151. However, this would require a large relative index difference between the core and the cladding which makes it difficult in practice to keep the fiber loss low. It has also been shown that the stress distribution over the fiber cross section has a strong influence on the polarization characteristics of the fiber [6] , [7] . However, no simple analytical method exists which can take into account simultaneously both geometrical and stress induced birefringence.
In an earlier paper [8] , it was shown that the polarization characteristics of an elliptical, core fiber can be obtained to a very good approximation by considering a suitably chosen rectangular core waveguide that can be analyzed by a perturbation technique 191. The perturbation technique was shown to be applicable for analyzing anisotropic rectangular waveguides as well [101. Since the effect of an applied stress is, effectively, to modify the refractive index "seen" by the two polarizations, it was intuitive to apply the method of [lo] to obtain the polarization characteristics of stress-birefringent fibers, particularly, those having an elliptical core. In this paper we have shown that the simple rectangular core model can be effectively used to study birefringent fibers having both geometrical and stress anisotropy. Fibers having differential material anisotropy in the core and cladding have also been studied, and the results are in agreement with those of [7] for circular core fibers. However, in the case of elliptical core fibers with weak or moderate guidance, we show that neglecting the contribution due to geonietrical anisotropy can lead to significant errors in predicting the region of zero-or low-PMD. Further, we have found that a suitable differential stress anisotropy along the major axis of an elliptical core fiber can result in a large birefringence as well as zero PMD within the single-mode region.
METHOD
We consider an elliptical core fiber which is stressed either along its major ( x -direction) or minor ( y-direction) axis. The refractive index profiles seen by the x and v polarizations would then be different and can be written as follows:
where i = x (or y) for x-(or y-) polarized modes, respectively; dn u and 6n 2; are the stress-induced refractive index changes in the core (of refractive index nl) and cladding (of refractive index n 2 ), respectively; a and b represent the lengths of the semimajor and semiminor axes of the core. The refractive index seen along the z direction is assumed to be unchanged due to the presence of stress.
As discussed earlier, we extend the model developed in [SI to anisotropic elliptic-core fibers and approximate the fiber described by (1) by an anisotropic rectangular core waveguide characterized by the following refractive index distribution:
where the dimensions 2a' and 2b' of the rectangular waveguide are chosen to be
so that the core areas and the aspect ratios of the two waveguides (given by (1) and (2)) are the same. The modal characteristics of the x-and y-polarized modes of the above anisotropic rectangular core waveguide can be obtained by considering another pseudorectangular core waveguide where the refractive index distribution is separable in x and y coordinates [101. This structure and the actual waveguide differ only in the corner regions, and this difference can be taken into account using a first order perturbation calculation. As shown in [lo] the propagation constants can be calculated by solving the following simple transcendental equations:
where i = X, y corresponds to the x-and y-polarized modes, and
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for x-(or y-) polarized modes. The propagation constant of the mode is given by tf = 0:; + pi;.
Using the first-order perturbation theory to account for the effect of comers, we get !2 = /3? + AB:
where A@ is the first-order correction, and is given by
forx-(ory-) polarized modes. Once ,84 and 0; are known, the modal birefringence is given by We may mention here that the present approach for the calculation of birefringence by describing an elliptic-core fiber by a rectangular core model is more accurate for smaller values of u/b; however, the method is sufficiently accurate even for a/b ratios up to 2.5 [SI. Further, the present method, in addition to giving the propagation constants, also yields the field profiles of the modes which are essential in the calculation of sourcefiber and fiber-fiber coupling efficiencies as well as the calculation of evanescent coupling in directional couplers using these fibers.
RESULTS AND DISCUSSIONS
To test the applicability of the proposed method, we first consider an elliptical core fiber with a/b = 2.O and An( =nl -yi 2 ) = 0.06, and a uniform stress along the x ory direction. The stress-induced change in refractive index is assumed to be 5 X lop 4 . These values are typical of high birefringence fibers with an elliptical-core and an elliptical stress-cladding [ll] .' Fig. 1 shows the variation, with V( = k o a V«i m 2) of the birefringence B and n Y -ni7 which is a measure of the group delay difference between the two orthogonally polarized modes. As can be seen from the figure, a uniform stress induced birefringence adds to or subtracts from the geometrical birefringence (shown by the dashed curve G) depending on whether the change is along the x or y direction, respectively. Further, we see that zero PMD can be achieved within the single mode region only by applying stress along the y (minor axis) direction-a result consistent with earlier reports [4] , [5] .
We now consider a fiber with differential anisotropy, i.e., a case where the stress in the core and the cladding are different (6n u ^ 6n2j). and 6nl = p6n 2 , where p is a parameter [7] specifying the differential anisotropy in the fiber. The solid curves correspond to the total birefringence while the dashed curve corresponds to the birefringence due to geometrical anisotropy when 6N LI = 6nz i = 0. As is known, under the weakly guiding approximation, the shape birefringence is quite small compared to the stress induced birefringence, and hence can be neglected in the calculation of total birefringence. Fig. 3 (a) and 3(b) shows the variation of n i -V for differential stress along x and y directions, respectively, for the fiber characterized by (12). Solid curves correspond to the total PMD (including the effect of geometrical anisotropy), while dashed curves correspond to the PMD due to stress only. It can be seen from the figure that neglecting the effect of geometrical anisotropy in the calculation of PMD, as has been done recently [7] , can lead to significant errors in the prediction of PMD even under the weakly guiding approximation; in some cases, it may even falsely predict the existence of a wavelength of zero PMD (X,) as obtained by the dashed curve corresponding to p = 0.2 in Fig. 3(a) . We have verified that the above observations qualitatively remain the same even when a /b, AN, an li and 6n 2 i are varied over a wide range. For example, Fig. 3(c) shows the variation of PMD with V for another set of parameters given by a/b = 1.5, An = 0.006, 8n u ~ 0.2 X 10~4, and 6n 2j = lo p4 .
Solid curves correspond to the PMD when the geometrical birefringence is also taken into account, while the dashed curve corresponds to the PMD when the geometrical birefringence is neglected. We may mention here that in the latter case there is a very small difference (not plottable in the figure) in the PMD values for stresses along x and y directions, which is due to slightly different field distributions of the x-and y-polarized modes. Fig. 3 (a) also shows that zero PMD can be obtained in the single-mode region even by applying a differential stress along the x direction. Thus, with a suitable differential stress along the x direction we can not only obtain zero PMD in the single-mode region, but also maintain a high birefringence in the fiber. This is an attractive feature.
We have also found that the PMD is extremely sensitive to An and the actual values of anl and an 2 . In Fig. 4 , curves A, B, and C correspond to the variation of n: -n i with V, for An = 0.015, 0.010, and 0.005, respectively, all belonging to the weakly guiding class; a/b = 2.0, p = 0.25, and an 2 , = 1 X low 4 are the fiber parameters, common for all cases. As can be seen from the figure, both PMD and X, are extremely sensitive to the value of An.
We should point out here that characterizing a fiber in terms of the parameter p 171 is incorrect since for a given p, variations in an l (or an 2 ) can result in significant changes in dispersion characteristics of elliptical core fibers. For example, the dashed curve D in Fig. 4 corresponds to a fiber with an zy =3 X and An = 0.01, p and a/b being the same. A comparison between curves B and D shows that although p is the same, the PMD and HO P are very much different for the two cases.
It is interesting to note from Fig. 4 that by a proper choice of p, An, and an 2 , one can achieve very low PMD over a wide range of wavelengths. Thus the curve C shows that for the fiber considered here, PMD is less than 10 ps/kmfor 1.0 < X < 2.0 pm.
CONCLUSIONS
A rectangular core waveguide model has been presented to obtain the various polarization characteristics such as birefringence and PMD in stressed elliptical core fibers. The model takes account of both geometrical and stress birefringence, simultaneously. It is shown that neglecting the geometrical birefringence, even under the weakly guiding approximation, can lead to significant errors in the calculations of PMD and zero PMD wavelength. It is also shown that it is possible to obtain zero PMD in the single-mode region by applying a suitable differential stress along the major axis. This is a very attractive feature since then the geometrical and stress birefringences add to give increased total birefringence. This method should find use in the design of single polarization single-mode fibers for applications in coherent optical communication and fiber-optic sensors.
